The vortex formation and organization are the key to understand the intrinsic mechanism in flying and swimming in nature. The vortex wake of dualflapping foils is numerically investigated using the immersed boundary method. Beside the deflection of the reversed von-Kármán vortex street, an interesting phenomenon, the deflection of the von-Kármán vortex street, is observed behind the dual-flapping foils. The deflected direction is not according to the initial direction of biplane's flapping motion. And the deflection angle is related to the difference between upward and downward deflecting velocities.
Introduction
The flapping foil is a common form of propulsion for many flyers and swimmers in nature, such as birds, insects and fishes. Inspired by the applications for the micro-aerial vehicles [1] , the flapping foil has interested many researchers for several decades [2] [3] [4] . The vortex formation and organization are the key to understand the intrinsic mechanism in flying and swimming motions in nature [5] . Different wake patterns can be produced by a flapping foil as the flapping parameters changed, such as the von Kármán vortex street and reversed von Kármán vortex street, which are typically associated with drag and thrust generation, respectively [6] [7] .
The deflected vortex wake of a flapping foil is an interesting phenomenon, since the vortex street deflected to one side of the flapping foil rather than locat-ing symmetrically along the middle-line of the flapping foil [8] . Lai and Platzer pointed out that the deflection direction was related to the initial direction of flapping motion [9] . However, Heathcote and Gursul revealed that the deflection direction was quasi-periodic altered [10] . Ellenrieder and Pothos measured the range of the deflection angle following the shape of the mean velocity profiles [11] . Ramiro Godoy-Diana et al. provided a quantitative prediction of the deflected wake based on two consecutive counter-rotating vortices [12] . Zheng and Wei indicated that the deflection angle can be correlated with the effective symmetry breaking and symmetry holding phase velocities [13] . Many factors, such as the aspect ratios, the flexibility and the shape of the foil, that influence the formation of vortex wake of a flapping foil, were studied experimentally and numerically [14] [15] [16] [17] . The system of dual-flapping foils is a new style and unconventional device which has high propulsive efficiency [1] . Investigating the vortex formation of the wake of dual-flapping foils is beneficial for the optimization design of the micro-aerial vehicles; this is the motivation of this paper.
In this paper, the unsteady flow fields around dual-flapping airfoils are simu- 
Physical Model and Numerically Method
In this paper, a NACA0012 airfoil is used as the contour of the flapping foil, as shown in Figure 1 , the flapping motion of the upper foil is described as follow: The governing equations of a two-dimensional incompressible viscous flow are written as follows:
where u is the velocity, p is the pressure, the Reynolds number is defined as Re = LU ∞ /ν, ν is the viscosity, and f is the Eulerian force density. The parameters in the current work are defined as follows: U ∞ = 1.0, c = 1.0, Re = 500.0. A simple immersed boundary method [19] is employed to calculate the interacting force between the flapping foil and the surrounding fluid, the solution procedure of the immersed boundary method can be done as the following steps (time advancement from n to n + 1):
where  u , 
Results and Discussion
In order to compare the wake of dual-flapping foils to that of an isolated foil, The deflected direction was according to the initial heaving direction of an isolated foil in the previous studies [9] [11], when the airfoil starts moving upward at the beginning of the heaving motion, the wake deflects downward, and vice versa [13] . But for the dual-flapping foils, the deflected direction of the wake is not affected by the initial heaving direction. Only the upward deflected wake has observed for the upper foil, and the downward deflected wake for the lower foil, no matter its initial heaving direction is upward or downward. It is very dif- In order to analysis the wake deflection quantitatively, Godoy-Diana et al.
proposed a dipole model of two adjacent vortices and used the effective phase velocity of a dipole to quantify the trend of wake deflection [12] . Zheng and Wei used the effective phase velocities of two adjacent dipoles that defined as the symmetry breaking and symmetry holding, to quantify the trend of wake deflection [13] . The vortex deflection motion can divide into horizontal and vertical transportations, which are motivated by the horizontal and vertical flow velocities, respectively. Thus, the vertical flow velocity is the crucial factor that influ-
ences the deflection. Here, we calculate the vertical dipole-induced velocity as follows:
where Γ is the vortex circulation, ξ is the distance between adjacent vortex cores, and α is the angle between the direction of the dipole and the horizontal direction, as shown in Figure 8 . The way we used to calculate the vortex circulation Γ follows the previous study [13] .
The vertical dipole-induced velocities of two adjacent dipoles define the trend of upward deflecting and downward deflecting, respectively. As shown in Figure   8 , the upward deflecting dipole is represented by vortices "I" and "II" which induce an upward velocity, and the downward deflecting dipole is represented by vortices "II" and "III" which induce a downward velocity. Figure 9 shows the results of the deflected angle and the vertical dipole-induced velocity in the wake of the upper foil in different simulation series. It shows that, the wake deflects upward when the upward deflecting velocity is larger than the downward deflecting velocity, and the deflected angle increases as the difference between upward and downward deflecting velocities increases. When the downward deflecting velocity is larger than the upward deflecting velocity, the wake of a flapping foil deflects downward, such as the wake of the lower foil in Figure 3 
Conclusion
The vortex formation of the wake of dual-flapping foils has been numerically studied using the immersed boundary method. Beside the deflection of the reversed von-Kármán vortex street, an interesting phenomenon, the deflection of the von-Kármán vortex street, was observed behind the dual-flapping foils. The deflected direction is not according to the initial direction of the heaving motion because the vortex generated in the open flapping motion was also pairing with the vortex produced during the consecutive close flapping motion. The deflection trend correlates with the vertical induced velocities of two adjacent dipoles, which represent the trends of upward and downward deflecting, respectively.
Moreover, the deflection angle is determined by the difference between upward and downward deflecting velocities. The results may provide some physical insights for understanding the intrinsic mechanism in flying and swimming in nature, and the three-dimensional model will be considered in our further work.
